INTRODUCTION
The motivation for the increasing use of fiber-reinforced materials as structural components in the aeronautical and automobile industries is their improved strength to weight ratio. The most widely used technique for the joining of composite components is adhesive bonding. However, the use of bonded composite joints has been hampered by the lack of a reliable nondestructive testing (NDT) technique for the evaluation of the interfacial condition of the joints, which has an essential role in establishing the joint strength.
One approach for the acquisition of discriminatory infonnation for the classification of bonded specimens is ultrasonic feature-based analysis. Features derived from the ultrasonic signals in both their time and frequency domain representations are used, rather than the signals, to evaluate and compare various specimens. Several studies taking this approach are referenced elsewhere [1] . In this work, composite adhesive specimens, representing a variety of joint strength values, were ultrasonically A-scanned, and several features were derived from each of the echo-signals.
A statistical analysis of the feature values was carried out to verify the significance of the features' sensitivity to the different types of the composite joints. The values of the ultrasonic features, that had been found to be significantly sensitive by means of the statistical test, were used in the application of the polynomial theory of complex systems [2J. This theory was used to establish an empirical non-linear correlation between the ultrasonic feature values and the shear strength of the corresponding joints detennined by a destructive testing.
In the application of the polynomial theory, the input-output relationship of a complex system is modelled using a multilayered multicompartment netwoek structure. Each compartment in the network implements a non-linear function of its inputs, described by an high-order polynomial [21. The free parameters of the network polynomials are detennined by means of an iterative regression of the polynomials computed, the strength of a production joint specimen can be evaluated out of its corresponding ultrasound features through simple algebric calculations.
In the application of the polynomial theory to correlate ultrasonic feature values and the shear strength of adhesive joints, the correlation established is basically empirical, though the sensitivity of the ultrasonic features to the interfacial condition may be explained. However, it provides a practical quantitative technique for a non destructive evaluation of the shear strength of composite adhesive joint structures, to be included in the quality assurance program assigned to a production line.
THEORY
The structure of the system modelling In the application of the polynomial theory of complex systems, the overall inputoutput relation is modelled by means of a multi-layered network, consisting of interconnected compartments [2] . Each individual compartment is, by itself, an input-output unit, where the output is a non-linear function of the compartment inputs, described by higher order polynomials. Though theoretically there is no restriction on the number of the inputs to each compartment, practical considerations suggest that the model engages numerous interconnected two-input compartments rather than a few mUlti-input compartments [3] .
There are two approaches for the detennination of the free parameters of the network polynomials [2] . In the first approach, the final structure of the network is predetennined, and its free parameters are computed by means of an iterative procedure to minimize the error between the values anticipated by the network and those obtained experimentally. The second approach is to grow the network layer by layer. The latter approach, taken in this study, usually results in a simplified network structure.
In the present study, two-input compartments are exclusively applied. The output of each compartment, denoted B, is a second order polynomial of its two inputs x 1 and X2, so that:
The values of the free parameters b/,1=1,6 are detennined so as to minimize the difference between calculated values of B, and their corresponding experimentally detennined val ues, S. In the present study the variables x 1 and x 2 represent features derived from ultrasonic echo signals from composite adhesive joints, and S represents the shear strength of the joints.
Detennination of the polynomial free parameters
Let N denote the number of the training joint specimens. From each of these specimens an ultrasonic echo signal is obtained, by means of an A-scan. A feature vector F is assigned to each signal, composed of M features, so that: F = (j 1,12, .. .. .fM) ' Thefeatures are derived from both the time and frequency domain representations of the signals. In total, an assembly of N feature vectors is obtained, Fj ,j=l,N. A polynomial compartment is sought for each pair of features, to constitute a nonlinear correlation between this pair of features and the strength of the joint. Let a pair of features be composed, for example, off 1 and 12. The procedure of detennining the free parameters in the expression for B (j1 ,f2) involves the solution of a set of N equations, where the notation Ak is used to identify the k-th feature (k = 1,2, .. M) in the feature vector assigned to the signal obtained from the j -th specimen U = 1,2, .. N):
Initial values of the b/,I=I,6 parameters are determined, and an iterative procedure is carried out in which the values of these parameters are modified so as to minimize the value of the mean square error (MSE) given by: (3) Initial values for the b parameters may be determined by a matrix solution of 6 out of the N equations in the set described in eq. (2), when repalcing the Bj values on the left wing of the equations by the corresponding experimental Sj values. The above procedure, described for f I and f 2 is repeated for each combination of feature-pairs, thus a total number of C't polynomial compartments is obtained, together with the corresponding MSE values. The correlation coefficient can now be determined corresponding to the Bj values obtained from each compartment and the Sj values, j=I,N for which the statistical confidence level for accepting the hypothesis of a correlation is determined.
Those compartments for which the best correlation coefficient values are obtained are those selected as inputs for the next compartment layer, in case the correlation obtained from the present layer is not yet satisfactory. The parameters of the new compartment layer are determined by a similar iterative procedure.
Once the structure of the system is determined, and the free parameters of the polynomial compartments calculated, the performance of the system is tested by means of an additional set of samples ('a testing set', to distinguish from the 'training set'). The anticipated shear strength of a production specimen can now be evaluated from its ultrasonic related features by means of a simple algebric calculation.
MA TERIALS AND METHODS
The composite joint specimens
The adherends:-Each laminated adherend was a 16 ply graphite/epoxy structure in a [03,+45,-45,03h sequence. The material used for the individual plies was a unidirectional prepreg, type 3502/ AS-4, manufactured by Hercules Aerospace. The adherends were fabricated from the individual plies in an autoclave process at 177°C and 700 kPa. A 100% nylon peel ply covered the surface of the adherend during its fabrication, but was removed before commencement of the adhesive bonding sequence. The thickness of each 16-layer adherend was approximately 2 mm. The mechanical properties of the adherends were: Young's modulus E = 14 CPa (in the direction normal to the ply fibers) and density p = 1600 kg 1m 3 .
The surface pretreatment of the adherends: Three different types of surface pretreatment were applied to pairs of adherends used to manufacture three types of adhesive joint specimens. The treatments are described in Table 1 . Treatments 1 and 2 are aeronautical industry standards for the adhesive bonding of composite materials. Treatment 3 is not recommended for aeronautical use and it was selected only to obtain specimens with decreased strengths for the purpose of this study. The purpose of the grit blast and the hand grinding in the treatments of sample 1 and sample 2, respectively, was to remove the excess resin that accumulates on the adherend surface in the autoclave process. The grit blasting carried out in treatment 1 was quite aggressive, causing damage to graphite fibers of the external ply. The wet hand grinding of treatment 2 was markedly finer, removing the resin with almost no effect on the integrity of the graphite fibers. Pictures obtained by means of a scanning electron microscope revealed these effects [1]. In treatment 3, the excess resin was not removed at all, affecting negatively the bond's quality.
The adhesive:-Bonding of the pairs of adherends was accomplished with the film adhesive FM-300, O.IPSF, manufactured by American Cyanamid. Curing of the adhesive was carried out at 177°C and 300 kPa, yielding mechanical properties of:
Young's modulus E = 2.1 GPa and p = 1300 kglm 3 . The geometry of the specimens:-The total thickness (height) of each sample is just over 4 mm, consisting of two adherends of thickness 2 mm each, and a bond thickness of approximately 0.15 mm. The specimens were 25.4 mm wide, parallel to the principal symmetry direction (i.e., 0°) of the adherend with a 12.7 mm overlap between the adherends.
The bond strength A series of destructive tests was carried out to detennine the shear strength of bonds corresponding to each type of adherend surface pre-treatment. For this purpose, ten samples corresponding to each of the three different surface treatments were prepared. The samples were tension tested to failure, parallel to the 00 direction of the adherends. The results of the lap shear test are summarized in Table 2 . The different surface treatments affected both the strength and the mode of failure of the joints. Specimens of types 1 and 2 experienced cohesive failure, while type 3 demonstrated adhesive failure. As expected, specimens of type 3 showed markedly inferior strength. In the type I specimens, part of the failure occurred between the first and second laminate plies adjacent to the adhesive; this is believed to be due to fiber damage, caused at the stage of the grit blasting. The ultrasonic measurement procedure:-The joint specimens, representing the three types of surface pre-treatment, were subjected to a series of ultrasonic A-scans. An immersion, pulse-echo inspection configuration was used, with the ultrasonic beam at normal incidence to the sample. Each digitized ultrasonic signal was averaged over 64 readings to minimize the effects of electrical noise.
RESULTS AND DISCUSSION

Feature characterization of the adhesive bonds
The process of collecting a large number of digitized echo signals from various samples resulted in an enormous amount of data or signal vectors. A reduction of data was obtained by assigning to each inspection point a feature vector F, as described in the Theory section (eq.I). In this work the feature vector consisted of the following five feature elements:
1. it -a parameter derived from higher order crossing (HOC) analysis [4] . This param- where M n is the n'h moment of the spectrum:
This parameter is strongly correlated to the frequency-dependent attenuation of the signals, and the reflection coefficient at the adherend-adhesive interface in the samples.
3. h -a power spectrum ratio defined by the following equation:
For this study, fM was selected as the nominal central frequency of the probe, fL was set to zero, and fH was set to 21M. The feature h is closely related to h, as both are affected by the more pronounced attenuation and scattering of the higher frequency components of the spectra.
4. f 4 -the distortion factor of the signal, given by:
5. fs-a modified version of the HOC parameter h, based on a modified spectral representation of the signals. The required modifications to the measured spectrum follow the steps given in [1]. Every major 'dip' in the modified spectrum yields two crossings of the zero-axis, thus a strong correlation between the number of specimen resonances and the number of zero-crossings is obtained.
The feature vector F was calculated for each ultrasonic signal, yielding an ensemble of 30 feature vectors. The mean values of the features from each specimen type, together with the associated standard errors, are listed in Table 3 .
Statistical analysis of the feature data A series of statistical t-tests was carried out, to verify the significance of the differences in the feature values obtained from the different types of specimens. In Table 4 , features are listed which proved to be significantly sensitive to the pre-treatment method in a pair of specimen types.
From Table 4 . it comes out that all the five features derived in this study are significantly sensitive to, at least, 2 types of pre-treatment methods, thus being potential candidates for inclusion in the application of the polynomial theory. Possible explanations for the sensitivity of the ultrasonic features are discussed in [1] .
Application of the polynomial theory
Following the procedures described at the Theory section, iterative calculations were carried out to determine the b/,1=1,6 parameters to be inserted in the second order polynomial of eq.(l). Since 5 ultrasonic features were engaged in this study, an independent iterative procedure assigned values of the free parameters b/ to each of the C~ =1 0 distinctive pairs of features. The correlation coefficient r was then calculated, taking into account the Bj calculated values, while making use of the b/,l=l ,6 parameters obtained from the iterative calculations, and the experimental S j values, j = 1,30. In Table 5 a list of the feature-pairs is given, together with the MSE value corresponding to each pair, the correlation coefficient r, and its associated confidence level (the confidence level by which the null hypothesis of no correlation between the Bj and the Sj values is rejected).
From Table 5 , the best correlation between the experimental strength values of the joints, and those calculated by means of polynomial theory, was obtained when using the (II , f2) and (j2,f4) pairs of ultrasonic features. The output values of the polynomial compartments corresponding to these two pairs of features were now selected to be the input values for a second level compartment. An iterative procedure was carried out to determine the free parameters of this new polynomial compartment, which yielded a correlation coefficient between the calculated and experimental values of r=0.8, corresponding to a confidence level of 99%. More complicated multi-compartment system configurations may yield higher values of the correlation coefficient r, though an increased time consuming effort will be needed to determine the free parameters of such systems.
In Fig. 1 the mean values of the shear strength of the joints, together with the associated standard deviations, are shown. These values, obtained from the destructive testing, are compared to those determined by the two-level polynomial system described above. A remarkable agreement is observed between the two sets of data. Statistical tests were carried out to verify the significance of the ultrasonic features sensitivity to the adhesive properties affecting the strength of the inspected composite joints. 3.
Basic concepts of the polynomial theory of complex systems were applied to establish a non-linear correlation between the ultrasonic features values and the strength of the composite joints. This correlation enables us to predict the strength of a production specimen from its corresponding ultrasonic features by means of elementary algebric calculation.
